Aim To define sensitive and reliable Doppler parameters for measurements in the superior mesenteric artery and mural arteries of affected bowel loops used in the assessment of Crohn's disease activity.
Results The measurements in the superior mesenteric artery showed statistically and clinically significant difference in flow volume in active group, compared with inactive and control groups (C±Q = 564 ± 263 mL/min for active, 421 ± 157 for inactive and 416 ± 248 for control group). Affected bowel loops analysis showed significant difference between inactive and active Crohn's disease group in wall thickness (3.1 ± 1.4 vs 5.0 ± 1.8 mm, P<0.001, Mann-Whitney test) while all participants from control group had thickness below 2mm. Intensity of color Doppler signals was different for all groups (P<0.001, χ 2 test) with the highest level of hyperemia in the active group. Resistance index measurements of mural arteries in bowel wall revealed differences between all three groups (0.61 ± 0.05 in active group, 0.71 ± 0.05 in the inactive group and 0.80 ± 0.11 in the control group, P<0.001, Kruskal-Wallis test).
Conclusion Intensity of color Doppler signals and resistance index measurements of mural arteries in the thickened bowel wall can be used as quantitative diagnostic tool in the assessment of Crohn's disease activity.
Most studies have found high resolution bowel ultrasound to be a useful tool in the management of Crohn's's disease (1) . Another useful tool was Doppler ultrasound, which is used for detection of complications, assessing disease activity, and reduction of patients' radiation exposure (2) (3) (4) .
Several tests and parameters are used to evaluate the disease activity and to guide therapeutic options (5, 6) . These include Crohn's's disease activity index (CDAI); laboratory findings (white cell count, C-reactive protein, erythrocyte sedimentation rate, alpha-1 antitrypsin clearance rate in feces, etc); endoscopy, scintigraphy, conventional x-ray examinations, computed tomography, and magnetic resonance imaging. Assessment of disease activity is a major clinical problem, which can lead to undertreatment or overtreatment of patients, because there is no absolute reference method to assess disease activity. The increase in mesenterial blood flow in Crohn's disease can be demonstrated by mesenteric angiography and recently by Doppler ultrasound. Doppler ultrasound could be an ideal method, because it is a non-invasive, non-ionizing, safe, and reproducible technique. Therefore, Doppler ultrasound has received an increasing interest in the investigations of splanchnic hemodynamics in Crohn's disease, where hypervascularity exists (7, 8) .
In the last decade, assessment of Crohn's disease activity by Doppler ultrasound has been mainly based on the measurements in superior mesenteric artery. Some authors emphasize the resistance index in the superior mesenteric artery (9,10) as a parameter that can assess activity in Crohn's disease, while others emphasize maximum flow volume (8, 11) . A few studies have analyzed local mesenterial flow in affected bowel loops. Vascularization, characterized by increased blood flow, in these loops is increased in the active form of Crohn's disease, which can be depicted by Doppler ultrasound. Hyperemia of the inflammable gut wall was mostly described by color Doppler and sometimes by power Doppler (12, 13) . Pulsed Doppler spectral analysis, as an objective method, was described in a few studies (14, 15) .
The purpose of this study was to define Doppler ultrasound parameters of the superior mesenteric artery and dilated mural arteries of thickened bowel wall for the assessment of Crohn's disease activity.
Patients and methods
This cross-sectional study was performed at a tertiary care setting (Zagreb University Hospital Center, Zagreb, Croatia) between January 2001 and March 2005. Ethical committee of the Zagreb University School of Medicine gave an approval for the study.
Patients
Arterial flow in the superior mesenteric artery and affected bowel wall was measured in a total of 205 examinees. There were 138 patients with Crohn's disease (74 with active and 64 with inactive or quiescent disease) and 67 healthy volunteers as control group (Table 1) .
The disease activity was determined by clinical examination and anamnestic data, Crohn's disease activity index (CDAI), and standard laboratory tests (C-reactive protein, erythrocyte sedimentation rate) (5, 6) . Disease was classified as active if the CDAI was ≥150 and 
Measurements
All of our patients were examined with Logic 500 PRO scanner (General Electric, Milwaukee, WI, USA), using convex abdominal probe 2-5 MHz, and linear probe 6-9 MHz, with triplex Doppler. Examination was performed after an overnight fasting in the supine position, with an average duration of 45 minutes. The results were evaluated by two radiologists together, so inter-observer variability was not recorded. Intra-observer variability was minimized by averaging a large number of measurements, especially in mural arteries. Both radiologists were blinded to the patients' medical history, clinical laboratory data, and the results of the other tests. We first performed Doppler spectral analysis in the superior mesenteric artery. The superior mesenteric artery was studied in its long axis in the sagittal plane. The sampling cursor was placed 2-3 cm from the origin, proximal to any arterial side branch. The calipers were chosen for cross-sectional area measurement with maximum zoom function. The insonation angle was 45-60°. The measurements were taken after the optimal Doppler signal was recognized. Each measurement was recorded three times from three different cardiac cycles and averaged for each patient to minimize random error (16) . The following superior mesenteric artery Doppler parameters were evaluated: peak systolic velocity (PSV), end-diastolic velocity (EDV), resistance index, mean velocity flow (MV), cross-sectional area (CSA), and flow volume. Flow volume (mL/min) was automatically calculated by the Doppler instrument, from the equation MV (cm/s) × CSA (cm 2 ) ( Figure 1 ). After superior mesenteric artery measurements, the entire abdomen was first examined by conventional B-mode ultrasound, with special attention paid to the terminal ileum. We looked for signs of the bowel wall thickening with diminished peristaltic movement in the terminal ileum or in some other thickened bowel segment in the small bowel and colon. Thickening of the bowel wall of more than 2.5 mm was considered to be significant.
Color Doppler examinations of the affected gut were balanced to detect low flow rates. Color gain was adjusted dynamically during examinations to maximize gut wall vessels vascularization and to avoid excessive artificial color noise. Hyperemia of the bowel wall was subjectively divided into four grades as follows: 0 -no color signal, 1 -weak or scattered color signals, 2 -multiple color signals, and 3 -hypervascularity with abscess formation. When gut wall vessels were identified, we performed spectral analysis of arterial spectrum by pulsed Doppler, with the measurement of PSV, EDV, and resistance index. In each examination we sampled at least 3-12 mural arterial spectra and calculated mean Doppler parameters for each patient (Figures 2-4 ).
Statistical analysis
Kolmogorov-Smirnov test was used to test the normality of distribution of all measured variables and showed that data were non-normally distributed. Therefore, non-parametric procedures were used in all the analyses. The results are reported as median ± interquartile range. Differences between parameters in the two groups were tested by Mann-Whitney test. Differences between the parameters in the three groups were tested by parametric Kruskal-Wallis and Mann-Whitney as a posthoc procedure. Differences in the distribution of qualitative variables were tested by χ 2 test. Correlation between the values in superior mesenteric artery and thickened bowel wall was analyzed using Spearman ρ coefficient.
Results
The measurements in the superior mesenteric artery in the three groups showed no significant difference in PSV. Significant differences were found for all other parameters (MV, CSA, EDV, resistance index, and flow volume). However, all differences were too small to be considered clinically significant, except higher flow volume in the active group ( Table 2) .
The second part of the examination included high resolution Doppler ultrasound of inflammable intestinal segment. In the control group there was no thickening or hyperemia (grade 0) of the bowel wall. Gut wall was maximum 2 mm thick with peristaltic activity. Only in 15 examinees we detected some intestinal branches of the superior mesenteric artery (Table 3 ).
In the group of patients with inactive Crohn's disease we found median thickening (Table 3) .
Bowel wall thickness measurement showed a significant difference between inactive and active Crohn's disease group (P<0.001, MannWhitney test). Color Doppler analysis showed a significant difference between all groups (P<0.001, χ 2 test). The analysis of affected bowel loops showed a significant difference between all three groups by measuring resistance index in the gut wall (P<0.001, Kruskal-Wallis and Mann-Whitney as post hoc; Table 3 ).
We tested the correlation between the pulsed Doppler parameters (PSV, EDV, resistance index) in the superior mesenteric artery and affected bowel wall in 122 patients with Crohn's disease, Spearman ρ coefficient. Resistance index values showed low but significant correlation (Spearman ρ coefficient, ρ = 0.29, P<0.050).
Discussion
Our results showed that Doppler measurements in the superior mesenteric artery are not reliable in routine clinical practice, although we found higher flow volume in the superior mesenteric artery in active Crohn's disease. We obtained low significant correlation between resistance index in superior mesenteric artery and affected bowel wall in 122 patients with Crohn's disease. The most accurate Doppler parameter in Crohn's disease activity assessment was the estimation intensity of color Doppler signals and resistance index measurements of mural arteries in thickened bowel wall.
Recent data (7, 8) have shown that superior mesenteric artery flow was increased in active Crohn's disease. Similar results, with higher values of flow volume or lower resistance index, were recorded in different studies (9) (10) (11) . In several studies (11, 17, 18) al found no difference in flow volume between inactive and control group, although it was found between control and active group. They emphasize the "gray zone" of flow volume in the superior mesenteric artery between 450 and 600 mL/min, where an overlap can occur between the control group, as well as mildly active Crohn's disease patients, and inactive Crohn's disease patients, which is similar to the findings of our study. Patients with active Crohn's disease in the "gray zone" cannot be discriminated from inactive and control group by measuring flow volume alone. Hare et al (19) have assumed that the flow volume threshold value between the normal and higher values in superior mesenteric artery was 500 mL/min. Our study also showed similar results; median flow volume was 564 ± 263 mL/min in active Crohn's disease patients, 421 ± 157 mL/min in inactive Crohn's disease patients, and 416 ± 248 mL/min in the control group. Byrne et al (20) have evaluated similar Doppler parameters in the superior mesenteric artery and found three significantly different parameters in active and inactive Crohn's disease group. We found very similar results; the most sensitive parameter was flow volume, but only in the active group. Other parameters, such as CSA, EDV, and resistance index did show significant differences, but with more overlaps between all three groups and clinically irrelevant magnitude. We agree with Byrne et al (20) that Doppler measurements in the superior mesenteric artery are not reliable in routine clinical practice. Maconi et al (21) have concluded that a hyperdynamic mesenteric circulation exists in Crohn's disease, which however, does not reflect either the clinical or the biochemical activity of the disease, but seems to be more linked to other Crohn's disease characteristics, such as maximum bowel thickness and anatomical location. It is obvious that hyperdynamic mesenteric flow exists in Crohn's disease, but it is still a problem to express this excess of vascular circulation with a sensitive Doppler parameter which can discriminate active, inactive, and control group. We believe that such a sensitive parameter can be resistance index in mural arteries in thickened bowel wall.
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We tested the correlation between resistance index in the superior mesenteric artery and affected bowel wall in 122 patients with Crohn's disease. We compared the same Doppler parameter, in the same patients, but on different mesenterial vascular segments. Low, but significant correlation of resistance index values was noticed. We found this result particularly important, because it shows a connection between arterial flow in the superior mesenteric artery and mural arteries in the gut wall. The connection proves that an increased flow in the superior mesenteric artery occurs because of arterial hyperemia that appears with Crohn's disease inflammation activity in a thickened gut wall.
We think that Doppler evaluation of thickened bowel wall (>2.5 mm) is much more important for the assessment of Crohn's disease activity. The analysis of affected bowel segments is possible only with high resolution probe. Doppler ultrasound diagnostic difficulties can arise in the initial stage of Crohn's disease, when pathomorphological changes affect mucosa. In advanced stages, inflammation penetrates more deep into submucosa and muscular layer. Therefore, we agree that endoscopy and conventional radiology are more accurate in mucosal changes, whereas Doppler ultrasound and computed tomography are more accurate in gut wall pathological changes (2,3).
We found significantly higher values of bowel wall thickness in active than inactive Crohn's disease. The cause of thickening in the active group is a combination of edema, muscular spasm, and submucosal cellular in-flammation. In inactive Crohn's disease bowel wall can also be thick, due to fibrosis in chronic stage. Some authors believe that gut wall thickness measurements are crucial for assessment of Crohn's disease activity (22) (23) (24) . Futagami et al (23) defined ultrasound activity index on the basis of two parameters -gut wall thickness and stratification. Mayer et al (24) defined volume of inflammable gut wall on the basis of gut wall thickness and longitudinal extension of diseased segment. It is important to stress that these authors used only gray-scale ultrasound. In our opinion, the measurement of gut wall thickness is just a first step in the assessment of Crohn's disease activity.
Increased mural blood flow on colored and power Doppler was described by several authors in active Crohn's disease (4, 12, 13, 25) . Because of intense neovascularity there is an increase in color Doppler signal in and around the gut wall. Spalinger et al (26) studied the correlation of gut wall hypervascularity in Crohn's disease with clinical disease activity by combining two criteria -vessel density on color Doppler and wall thickness. They found a significant difference in gut wall thickness and color Doppler signals between active and inactive Crohn's disease, like we did in our research. They also found that hypervascularity and gut wall thickness higher than 5 mm indicated active Crohn's disease. We found fair activity in patients with wall thickness less than 5 mm. Potential limitation for color Doppler studies is an estimation and not a direct count of vessels present in the area examined, because a single tortuous vessel may result in several color Doppler signals.
To the best of our knowledge, the work of Esteban et al (15) is the only study with pulsed Doppler spectral analysis in mural arteries in the thickened bowel wall. The authors distinguished active and inactive Crohn's disease patients by measuring resistance index in mural arteries. Similar to our results, there was no thickening or hyperemia of the bowel wall in the control group. Both studies found the correlation of lower wall thickness with weak color Doppler signals in inactive Crohn's disease and higher wall thickness with more color Doppler signals in active Crohn's disease. We also found significant wall thickening in several patients with inactive Crohn's disease with weak color Doppler signals due to fibrosis and scarring. Both studies found a highly significant difference in resistance index measurements in inactive and active group. We explained this resistance index difference as a result of mural arterial vasodilatation and vascular resistance decrease in correlation with neovascularity and gut wall inflammation. Since we had a higher number of patients with mural arteries resistance index values in our study, we propose borderline resistance index values to be about 0.65-0.67, because upper range resistance index for active group was 0.67 and lower range resistance index for inactive group was 0.65.
A problem can occur in the investigation of bowel segments in inactive Crohn's disease. Forty eight of 64 inactive patients had walls thicker than 3 mm, scattered Doppler color signal, and good conditions for spectral analysis (pulsed Doppler measurements). Sixteen patients with inactive Crohn's disease had borderline wall thickness, no color signal, and therefore no possibility for pulsed Doppler measurements. In patients with stabile remission, affected bowel loops were hard to image with Doppler ultrasound, perhaps because of the initial weak activity or treatment effect. In the detection of Crohn's disease by ultrasound, these patients would be false negative, and we would not be able to differentiate them from the control group. In literature these hard detectable segments of bowel are called "burned out segments" (27) . Detec-tion of inactive segments and signal visualization can be improved with contrast-enhanced bowel ultrasonography (28, 29) . Contrast-enhanced ultrasound assessment of bowel wall vascularity is, however, a semiquantitative method and is open to subjective interpretation. Further technological improvements are expected to provide quantitative assessment (30, 31) . Therefore, we consider that resistance index measurement of mural arteries is important for an objective assessment of bowel wall vascularity.
In some cases, we found mesenterial vascular structure (vasa recta or intestinal artery branches) adjacent to the thickened bowel wall. Eleven patients with hypervascular mesenterium belong to the active group (data not shown), which correlates with "comb sign" described in literature (32). We did not notice this sign in inactive group. Spectral analysis of mesenterial branches showed high resistance arterial spectra (data not shown), opposite from mural low arterial spectra in the same patients, which is controversial. Therefore, we advise to measure mural arterial spectra deep in the wall, as far as possible from the serosal border. In our research Doppler ultrasound vascularity assessment in reactive enlarged lymph nodes and solid part of abscess was not examined, because our primary focus was vascularity in thickened bowel wall.
In further studies, use of contrast-enhanced bowel ultrasonography, especially in inactive group, with resistance index mural arteries measure, could provide valuable quantitative assessment of the mural vascularity. Our study showed the measurement of intensity of color Doppler signals and resistance index of mural arteries in thickened bowel wall to be simple and quantitative diagnostic tool for the assessment of Crohn's disease activity. Therefore, the possibility of Doppler ultrasound to assess treatment response in further follow-up clinical studies is promising.
